Introduction {#s01}
============

Epithelia act as barriers to segregate the external environment from the internal body. Epithelial cells are highly polarized, and the asymmetric distribution of their plasma membrane proteins is essential for epithelial transport ([@bib10]). Tight junctions (TJs) are epithelial cell junctions that form at the most apical region of intercellular junctions ([@bib17]). On ultrathin sections, TJs appear as a region where two plasma membranes are closely apposed to one another and contain membrane "kissing points" where adjacent plasma membranes appear to fuse with one another and completely seal the intercellular space ([@bib17]). TJs are visualized as anastomosing linear fibrils (TJ strands) on freeze-fracture replica EM, and the strands correspond to the membrane kissing points observed on ultrathin sections ([@bib63]).

TJs act as a permeability barrier to restrict free diffusion of solutes through the intercellular space and play central roles in regulating paracellular permeability ("gate" function; [@bib3]; [@bib60]; [@bib79]). TJs are also thought to act as a membrane fence that prevents intramembrane diffusion of membrane proteins and lipids between the apical and basolateral cell surfaces, thereby maintaining epithelial polarity ("fence" function; [@bib12]; [@bib27]; [@bib13]; [@bib74]). In addition, polarity signaling molecules including the Par-3--Par-6--atypical PKC (aPKC) complex localize at TJs ([@bib41]; [@bib57]). However, recent studies have provided conflicting views on the roles of TJs in epithelial polarity ([@bib71]; [@bib32]; [@bib53]), and it remains unclear whether TJs are required for epithelial polarity.

Claudin family genes (27 members in mammals) encode the major integral membrane proteins that constitute TJ strands. These proteins have four transmembrane regions, a short N-terminal cytoplasmic region, and a long C-terminal cytoplasmic region ([@bib19]; [@bib25]). When expressed in fibroblasts, claudins can induce cell--cell adhesion activity and reconstitute TJ strand structures ([@bib20]). The C-terminal tails of claudins harbor a PDZ-binding motif and interact with the cytoplasmic scaffolding proteins ZO-1, ZO-2, and ZO-3 ([@bib37]). ZO-1 and ZO-2 were shown to be essential for TJ strand assembly, because ZO-1 knockout (KO) and ZO-2 depletion by RNAi in the mouse mammary epithelial cell line EpH4 resulted in a loss of TJ strands ([@bib71]). In addition to claudins, other integral membrane proteins such as tetraspanning membrane protein occludin and immunoglobulin superfamily proteins including junctional adhesion molecules (JAMs) localize to TJs ([@bib18]; [@bib44]). Although it is well established that claudins play pivotal roles in TJ strand formation and regulation of paracellular permeability ([@bib72]; [@bib25]), how claudins and other integral membrane proteins coordinately organize the TJ structure and function remains to be clarified.

Here we tested the roles of TJs in epithelial polarity by systematically knocking out TJ components and provide evidence that TJ is required for epithelial polarity. Furthermore, our results suggest that claudins and JAM-A have overlapping and distinct functions in organizing the TJ structure and function.

Results {#s02}
=======

ZO-1/ZO-2 regulates TJ assembly {#s03}
-------------------------------

To clarify the roles of TJs in epithelial polarity, we generated ZO-1/ZO-2 double KO (dKO) cells. MDCK II cells derived from canine kidney epithelium were used as a model system, because TJs and epithelial polarity have been extensively investigated in this cell line ([@bib8], [@bib9]). ZO-1/ZO-2 dKO cells were generated by sequential genome editing, and successful KO was confirmed by Sanger sequencing (Fig. S1 A). Three independent clones were isolated, and rescue cell lines expressing ZO-1--GFP were generated for all three cell lines (Fig. S3 H). ZO-1 or ZO-2 single KO cells did not show obvious epithelial barrier or polarity phenotypes except for an increase in the paracellular permeability of 4-kD fluorescent dextran in ZO-1 KO cells ([@bib68]; data not shown). Western blotting demonstrated complete loss of ZO-1 and ZO-2, while ZO-3 was slightly reduced (Fig. S1 B). Expression of other TJ proteins was not grossly altered, although the protein level of afadin, an adherens junction (AJ) protein, was significantly reduced for unknown reasons (Fig. S1 B). Immunofluorescence analyses confirmed the loss of ZO-1 and ZO-2 ([Fig. 1, A and B](#fig1){ref-type="fig"}). TJ proteins including ZO-3, occludin, JAM-A, and claudins delocalized from the apical junctions in ZO-1/ZO-2 dKO cells, consistent with previous observations ([@bib71]; [Fig. 1, C--J](#fig1){ref-type="fig"}), and JAM-A and claudins diffusely localized along the lateral and apical plasma membrane ([Fig. 1, E--J](#fig1){ref-type="fig"}). Occasionally, occludin and claudins, but not JAM-A, were found to localize at apical cell junctions together with ZO-3 in ZO-1/ZO-2 dKO cells (arrowheads in [Fig. 1, C](#fig1){ref-type="fig"}′--J′). All phenotypes were rescued by expression of ZO-1--GFP (data not shown). These results demonstrate that ZO-1 and ZO-2 are required for the apical junction localization of TJ proteins.

![**ZO-1/ZO-2 are required for apical junction localization of TJ proteins. (A--J)** Immunofluorescence analyses of parental MDCK II cells (A--J) and ZO-1/ZO-2 dKO cells (A′--J′). **(A and B)** ZO-1 (A) and ZO-2 (B) expression was abolished in ZO-1/ZO-2 dKO cells. **(C--J)** TJ markers including ZO-3 (C), occludin (D), JAM-A (E), claudin-1 (F), claudin-2 (G), claudin-3 (H), claudin-4 (I), and claudin-7 (J) were not concentrated to the apical junctions in ZO-1/ZO-2 dKO cells, and JAM-A (E) and claudins (F--J) were diffusely localized along the lateral and apical plasma membrane. Occasional apical junction accumulation of occludin and claudins, but not JAM-A was observed (arrowheads), colocalizing with ZO-3 (z-sections in D and G). Graphs are quantitation of the fluorescence intensity and represent mean ± SD (*n* = 2--9). \*, P \< 0.05; \*\*\*, P \< 0.0005, compared by *t* test. Scale bar: 20 µm. n.s., not significant.](JCB_201812157_Fig1){#fig1}

Generation of claudin quintuple KO (quinKO) cells {#s04}
-------------------------------------------------

To clarify the roles of claudin-based TJ strands in epithelial polarity, we generated claudin quinKO cells by sequentially knocking out the five major claudins expressed in MDCK II cells (claudin-2, claudin-4, claudin-3, claudin-7, and claudin-1, in that order, based on the RNA sequencing dataset reported by [@bib62]). Two independent claudin quinKO cell clones were generated, and Sanger sequencing revealed that claudin quinKO cells harbored frameshift mutations for claudin-2, claudin-4, claudin-3, and claudin-7 (Fig. S2 A; [@bib69]). Clone 1 contained a frameshift mutation for claudin-1, while clone 2 had a single amino acid insertion in the first transmembrane region of claudin-1 (Fig. S2 A), resulting in intracellular accumulation and degradation of claudin-1 as confirmed by Western blotting (Fig. S2 B) and immunofluorescence (data not shown). Data from clone 1 are shown as representative results throughout the article, although all phenotypes were confirmed in both clones. The Western blotting analyses revealed loss of claudins in claudin quinKO cells, while the expression of JAM-A and tricellulin were slightly increased (Fig. S2 B). The expression of other TJ proteins was not greatly altered (Fig. S2 B). Immunofluorescence analyses confirmed the loss of claudins ([Fig. 2, A--E](#fig2){ref-type="fig"}). However, expression of other claudins was not comprehensively examined, and residual expression of other claudins cannot be excluded. The phenotypes of claudin quinKO cells should thus be interpreted as loss of claudin-based TJ strands (see below) and not loss of claudin family genes. ZO-1 and ZO-2, but not ZO-3, were more concentrated at apical cell junctions in claudin quinKO cells ([Fig. 2, G--I](#fig2){ref-type="fig"}). Apical cell junction localization of occludin was reduced ([Fig. 2 F](#fig2){ref-type="fig"}), while JAM-A accumulation was increased, in claudin quinKO cells ([Fig. 2 J](#fig2){ref-type="fig"}).

![**Localization of TJ proteins in claudin quinKO cells. (A--J)** Immunofluorescence analyses of parental MDCK II cells (A--J) and claudin quinKO cells (A′--J′). **(A--E)** Claudin-1 (A), claudin-2 (B), claudin-3 (C), claudin-4 (D), and claudin-7 (E) expression was abolished in claudin quinKO cells. **(F)** Occludin localization to apical junctions was reduced. **(G--I)** ZO-1 (G) and ZO-2 (H) were more concentrated at apical junctions, while ZO-3 (I) localization was not altered in claudin quinKO cells. **(J)** JAM-A was more concentrated at apical junctions in claudin quinKO cells. Graphs are quantitation of the fluorescence intensity and represent mean ± SD (*n* = 3 each). \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005, compared by *t* test. Scale bar: 20 µm. n.s., not significant.](JCB_201812157_Fig2){#fig2}

Claudin quinKO cells lack TJ strands but retain membrane appositions {#s05}
--------------------------------------------------------------------

To understand the roles of claudins in TJ assembly, we examined TJ morphology by freeze-fracture replica EM. In parental MDCK II cells, typical TJ strands were observed beneath the apical microvilli ([Fig. 3 A](#fig3){ref-type="fig"}). However, ZO-1/ZO-2 dKO cells lacked TJ strands in most cells (39 of 41 junctions observed; [Fig. 3, B and I](#fig3){ref-type="fig"}), consistent with previous observations ([@bib71]). TJ strand-like structures were occasionally seen in ZO-1/ZO-2 dKO cells (2 of 41 junctions observed), but the strands were discontinuous and did not form the zonula occludens ([Fig. 3 J](#fig3){ref-type="fig"}). These structures may have corresponded to the occasional apical junction localization of TJ markers observed by immunofluorescence. TJ strand assembly was restored by expression of ZO-1--GFP in ZO-1/ZO-2 dKO cells ([Fig. 3 C](#fig3){ref-type="fig"}). Claudin quinKO cells also lacked TJ strands, although accumulation of intramembrane particles was sometimes observed beneath the apical microvilli ([Figs. 3 D](#fig3){ref-type="fig"} and S3 A). Quantitative analyses confirmed the loss of TJ strands in ZO-1/ZO-2 dKO cells and claudin quinKO cells ([Fig. 3 K](#fig3){ref-type="fig"}). These results suggest that ZO-1, ZO-2, and claudins are required for TJ strand formation.

![**Claudins are required for TJ strand formation but not membrane appositions. (A--D)** Freeze-fracture replica EM analyses. **(A)** TJ strands were observed beneath the apical microvilli in parental MDCK II cells. **(B)** TJ strands were not found in ZO-1/ZO-2 dKO cells. **(C)** Expression of ZO-1--GFP restored the TJ strands in ZO-1/ZO-2 dKO cells. **(D)** Claudin quinKO cells lacked TJ strands, but intramembrane particles were occasionally accumulated beneath the apical microvilli. **(E--H)** Transmission EM analyses of ultrathin sections. Black squares indicate the regions shown in high-magnification images. **(E)** TJs with membrane appositions were observed at the most apical cell junctions in MDCK II cells. **(F)** TJs were absent, and the intercellular space was widened in ZO-1/ZO-2 dKO cells. AJ-like structures associated with actin bundles were observed (asterisk). **(G)** Expression of ZO-1--GFP restored the formation of TJs in ZO-1/ZO-2 dKO cells. **(H)** TJ-like structures with membrane appositions were found in claudin quinKO cells. **(I)** Low-magnification view of a freeze-fracture replica from ZO-1/ZO-2 dKO cells. No TJ strands were found throughout the lateral plasma membrane. **(J)** An example of fragmented TJ strand-like structures in ZO-1/ZO-2 dKO cells. **(K)** Quantitation of TJ strand length normalized to the apical surface length of the corresponding fractured region. Graphs represent mean ± SD (*n* = 15 for MDCK II, *n* = 24 for ZO-1/ZO-2 dKO, *n* = 13 for ZO-1/ZO-2 dKO + ZO-1--GFP, *n* = 22 for claudin quinKO). \*\*\*, P \< 0.0005, compared by *t* test. **(L--O)** TJ membrane kissing points were observed after ferrocyanide-reduced osmium/tannic acid/osmium postfixation. **(L and M)** TJ kissing points were observed in MDCK cells. **(L′ and M′)** Tracing of TJs. **(N and O)** Membranes were closely apposed to one another, but membrane kissing points were not observed in claudin quinKO cells. The most apical cell junctions with membrane appositions were observed. **(N′ and O′)** Tracing of TJ-like structures. Mv, microvilli. Scale bars: 200 nm (A--D); 100 nm (E--H); 500 nm (I and J); 100 nm (L--O).](JCB_201812157_Fig3){#fig3}

Next, we examined the apical cell junction morphology in ultrathin sections by transmission EM. In parental MDCK II cells, close appositions of neighboring plasma membranes, a typical feature of TJs, were observed at the most apical cell junctions ([Fig. 3 E](#fig3){ref-type="fig"}). It was difficult to distinguish the TJs and AJs in ultrathin sections of MDCK II cells. In contrast, the intercellular space remained open, and no membrane appositions were observed at the most apical cell junctions in ZO-1/ZO-2 dKO cells, although some AJ-like structures were present ([Fig. 3 F](#fig3){ref-type="fig"}). Some ZO-1/ZO-2 dKO cells lacked the AJ-like structures (Fig. S3 B). Expression of ZO-1--GFP restored the TJ structures ([Fig. 3 G](#fig3){ref-type="fig"}). Intriguingly, in claudin quinKO cells, TJ-like membrane appositions were observed at the most apical cell junctions, despite the lack of TJ strands ([Fig. 3 H](#fig3){ref-type="fig"}). This prompted us to examine the morphology of TJs in more detail by improving the contrast with ferrocyanide-reduced osmium/tannic acid/osmium postfixation. This protocol allowed tracing of the extracellular spaces with an electron-opaque substance and increased the membrane contrast. TJ membrane kissing points were readily observed at the most apical cell junctions in parental MDCK II cells using this method ([Fig. 3, L and M](#fig3){ref-type="fig"}). In contrast, although the neighboring plasma membranes at the most apical cell junctions in claudin quinKO cells were closely apposed to one another at ∼6--7-nm distance, membrane kissing points were not observed ([Fig. 3, N and O](#fig3){ref-type="fig"}). These results demonstrate that claudins are required for TJ strand formation and suggest that the membrane appositions can form independently of claudin-based TJ strand assembly.

Claudin-based TJ strands are essential for electrolyte, but not macromolecule, permeability barrier formation {#s06}
-------------------------------------------------------------------------------------------------------------

To understand the roles of claudins in epithelial barrier formation, transepithelial electric resistance (TER) was measured. TER reflects the transepithelial movement of ions and reflects the epithelial barrier function against electrolytes. The unit area resistance in parental MDCK II cells was 52.5 ± 9.4 Ω · cm^2^, while that in ZO-1/ZO-2 dKO cells was decreased to 10.2 ± 5.9 Ω · cm^2^ in clone 1 and 12.9 ± 6.3 Ω · cm^2^ in clone 3. Expression of ZO-1--GFP restored the TER value to 73.9 ± 19.5 Ω · cm^2^ in clone 1/rescue 7 and 78.4 ± 18.3 Ω · cm^2^ in clone 3/rescue 1. In claudin quinKO cells, the value was decreased to 14.5 ± 4.6 Ω · cm^2^ in clone 1 and 19.8 ± 4.0 Ω · cm^2^ in clone 2 ([Fig. 4 A](#fig4){ref-type="fig"}). These results suggest that ZO-1, ZO-2, and claudins are essential for establishment of the permeability barrier against electrolytes.

![**Size-dependent permeability barrier defects in claudin quinKO cells. (A)** TER measurements. Unit area resistance was markedly reduced in ZO-1/ZO-2 dKO and claudin quinKO cells. **(B--E)** Paracellular flux measurements. **(B)** Apical-to-basal permeability of fluorescein (332.31 D) was dramatically increased in ZO-1/ZO-2 dKO and claudin quinKO cells. **(C)** Apical-to-basal permeability of 4-kD FITC-dextran was markedly increased in ZO-1/ZO-2 dKO cells and significantly increased in claudin quinKO cells. **(D)** Apical-to-basal permeability of 40-kD FITC-dextran was dramatically increased in ZO-1/ZO-2 dKO cells, but only moderately increased in claudin quinKO cells. **(E)** Apical-to-basal permeability of 150-kD FITC-dextran was dramatically increased in ZO-1/ZO-2 dKO cells, but not in claudin quinKO cells. **(F)** Model illustrating the barrier defects in ZO-1/ZO-2 dKO cells and claudin quinKO cells. In MDCK II cells, TJs are formed, and paracellular passage of electrolytes and macromolecules is restricted. In ZO-1/ZO-2 dKO cells, the intercellular space is widened, and electrolytes and macromolecules can diffuse along the intercellular space. In claudin quinKO cells, membrane kissing points are lost, but neighboring cell membranes are closely apposed to one another, allowing paracellular diffusion of electrolytes, but not macromolecules. Graphs represent mean ± SD (*n* = 2 for A; *n* = 3 for B--E). \*, P \< 0.05; \*\*\*, P \< 0.0005, compared by *t* test. n.s., not significant.](JCB_201812157_Fig4){#fig4}

To further characterize the epithelial barrier properties of ZO-1/ZO-2 dKO and claudin quinKO cells, we measured the permeability of fluorescent tracer molecules. In ZO-1/ZO-2 dKO cells, a massive increase in the apical-to-basal flux of fluorescent tracers was observed regardless of the molecular size, indicating disruption of the epithelial barrier function ([Fig. 4, B--E](#fig4){ref-type="fig"}). Expression of ZO-1--GFP restored the epithelial barrier function ([Fig. 4, B--E](#fig4){ref-type="fig"}). In contrast, although a large increase in permeability of fluorescein (332.31 D) was observed in claudin quinKO cells, the diffusion of larger tracers was progressively restricted in a size-dependent manner ([Fig. 4, B--E](#fig4){ref-type="fig"}). As claudin quinKO cells lacked TJ strands, these results indicate that the macromolecule permeability barrier can form in the absence of TJ strands ([Fig. 4 F](#fig4){ref-type="fig"}). These results suggest that claudin-based TJ strands are required for the permeability barrier against electrolytes but are not essential for the permeability barrier against macromolecules.

ZO family proteins regulate epithelial polarity independently of TJ strand formation {#s07}
------------------------------------------------------------------------------------

It remains controversial whether TJs are important for epithelial polarity ([@bib71]; [@bib32]; [@bib53]). Thus, we examined the epithelial polarity phenotypes of ZO-1/ZO-2 dKO cells and claudin quinKO cells. Parental MDCK II cells were well polarized, with apical marker (ezrin, gp135, and Forssman antigen) localization restricted to the apical membrane ([Fig. 5](#fig5){ref-type="fig"}, A~1~--C~1~ and K~1~), and basolateral markers (Na-K ATPase α1 subunit, and Scribble) localized to the basolateral membrane ([Fig. 5](#fig5){ref-type="fig"}, D~1~ and E~1~), and centrosomes were aligned at the apical cytoplasm ([Fig. 5](#fig5){ref-type="fig"} F~1~). Intriguingly, epithelial polarity was disorganized in ZO-1/ZO-2 dKO cells. Ezrin and Forssman antigen were localized to both the apical and basolateral membranes ([Fig. 5](#fig5){ref-type="fig"}, A~2~, C~2~, and K~2~), while Na-K ATPase α1 subunit and Scribble were detected on the apical membrane in addition to their basolateral localization ([Fig. 5](#fig5){ref-type="fig"}, D~2~ and E~2~). In contrast, gp135 localization was restricted to the apical plasma membrane ([Fig. 5](#fig5){ref-type="fig"} B~2~), and centrosomes were aligned at the apical cytoplasm ([Fig. 5](#fig5){ref-type="fig"} F~2~), suggesting that epithelial polarity is retained to some extent in ZO-1/ZO-2 dKO cells. Expression of ZO-1--GFP rescued the epithelial polarity phenotypes of ZO-1/ZO-2 dKO cells ([Fig. 5](#fig5){ref-type="fig"}, A~3~--F~3~ and K~3~). In contrast, no epithelial polarity defects were detected in claudin quinKO cells ([Fig. 5](#fig5){ref-type="fig"}, A~4~--F~4~), although Forssman antigen was detected along the apical cell junctions, in contrast to MDCK II cells ([Fig. 5](#fig5){ref-type="fig"} K~4~). The polarity phenotypes were confirmed by quantitative analyses ([Fig. 5, G--J and L](#fig5){ref-type="fig"}). These results indicate that ZO-1/ZO-2 regulate epithelial polarity in MDCK II cells.

![**ZO-1/ZO-2 regulates epithelial polarity. (A--D)** Immunofluorescence analyses of polarity markers. **(A~1~--F~1~)** In MDCK II cells, ezrin (A~1~), gp135 (B~1~), and Forssman antigen (C~1~) were selectively localized to the apical membrane, while Na-K ATPase α1 subunit (D~1~) and Scribble (E~1~) were restricted to the basolateral membrane. γ-Tubulin staining (F~1~) shows that centrosomes are aligned in the apical cytoplasm. **(A~2~--F~2~)** In ZO-1/ZO-2 dKO cells, epithelial polarity was disorganized, and ezrin (A~2~), Forssman antigen (C~2~), Na-K ATPase α1 subunit (D~2~), and Scribble (E~2~) were detected on both the apical and basolateral membranes, while gp135 (B~2~) or γ-tubulin (F~2~) localization was not severely perturbed. **(A~3~--F~3~)** Expression of ZO-1--GFP rescued the epithelial polarity phenotypes of ZO-1/ZO-2 dKO cells. **(A~4~--F~4~)** No epithelial polarity defects were observed in claudin quinKO cells. **(G--J)** Quantitation of polarization index of ezrin (G), gp135 (H), Na-K ATPase α1 subunit (I), and Scribble (J). Graphs represent mean ± SD (*n* = 3--9). **(K)** Forssman antigen localization in apical (K~1~--K~4~) and lateral (K′~1~--K′~4~) confocal sections. **(L)** Quantitation of polarization index of Forssman antigen. Graphs represent mean ± SD (*n* = 6--15). All cells were cultured on Transwell filters for 5--7 d. \*, P \< 0.05; \*\*, P \< 0.005; \*\*\*, P \< 0.0005, compared by *t* test. Scale bars: 10 µm.](JCB_201812157_Fig5){#fig5}

It was reported that ZO-1 KO and ZO-2 depletion by RNAi in mouse mammary epithelial EpH4 cells resulted in loss of TJs, but no epithelial polarity defects ([@bib71]; [@bib32]). Therefore, we examined whether the observed epithelial polarity phenotypes in ZO-1/ZO-2 dKO MDCK II cells were caused by cell type differences or incomplete knockdown (KD) of ZO-2 in the previous studies. In parental EpH4 cells, ezrin was restricted to the apical plasma membrane, while Na-K ATPase α1 subunit was restricted to the basolateral membrane (Fig. S4 A). In agreement with the previous studies ([@bib71]; [@bib32]), we did not detect epithelial polarity defects in ZO-1 KO/ZO-2 KD EpH4 cells (Fig. S4 A). However, in ZO-1/ZO-2 dKO EpH4 cells, ezrin mislocalized to lateral cell contacts, and Na-K ATPase α1 subunit was also detected on the apical membrane (Fig. S4 A). ZO-2 staining revealed strong reduction of ZO-2 in ZO-1 KO/ZO-2 KD EpH4 cells 2 d after plating (data not shown); however, weak but significant residual expression of ZO-2 was observed in ZO-1 KO/ZO-2 KD EpH4 cells 5 d after plating (Fig. S4 A). In contrast, ZO-2 was lost in ZO-1/ZO-2 dKO EpH4 cells (Fig. S4 A), suggesting that the residual expression of ZO-2 masked the epithelial polarity phenotype in ZO-1 KO/ZO-2 KD EpH4 cells.

To further investigate the roles of TJs in epithelial polarity, we embedded the cells in collagen gel and examined their ability to form polarized cysts. Parental MDCK II cells formed polarized cysts in collagen gels ([Fig. 6, A and E](#fig6){ref-type="fig"}), and TJs were observed at the most apical cell junction ([Fig. 6, F--H](#fig6){ref-type="fig"}). In contrast, ZO-1/ZO-2 dKO cells failed to form polarized cysts, and lumen expansion was suppressed ([Fig. 6, B and E](#fig6){ref-type="fig"}). The apical marker gp135 and basolateral marker Scribble overlapped with one another, indicating epithelial polarity defects ([Fig. 6 B](#fig6){ref-type="fig"}). At the ultrastructural level, microvilli were found along cell--cell contacts, and microlumens that failed to expand were observed between cells ([Fig. 6, I--L](#fig6){ref-type="fig"}). Expression of ZO-1--GFP restored the ability to form polarized cysts ([Fig. 6, C and E](#fig6){ref-type="fig"}). In contrast to ZO-1/ZO-2 dKO cells, claudin quinKO cells formed polarized cysts ([Fig. 6, D and E](#fig6){ref-type="fig"}). Taken together, these results demonstrate that ZO-1 and ZO-2 are required for epithelial polarity. Given that claudins are required for TJ strand formation, these findings suggest that epithelial polarity can be established independently of TJ strand formation.

![**ZO-1/ZO-2 regulates polarized cyst formation. (A--D)** Localization of apical marker gp135 (green) and basolateral marker Scribble (magenta) in cells embedded in collagen I gels and cultured for 5--7 d. **(A)** MDCK II cells formed polarized cysts. **(B)** ZO-1/ZO-2 dKO cells failed to expand their lumens and did not form polarized cysts. Occasional colocalization of gp135 and Scribble was observed. **(C)** ZO-1/ZO-2 dKO cells were able to form polarized cysts upon expression of ZO-1--GFP. **(D)** Claudin quinKO cells formed polarized cysts. **(E)** Quantitation of cyst phenotypes (*n* = 343 for MDCK II, *n* = 536 for ZO-1/ZO-2 dKO, *n* = 311 for ZO-1/ZO-2 dKO + ZO-1--GFP, *n* = 752 for claudin quinKO). **(F--H)** Transmission EM observation of cysts formed by MDCK II cells. MDCK II cells formed a polarized epithelium in the collagen gels, and TJs were formed at the most apical region of the intercellular junctions (H). **(I--L)** Transmission EM observation of ZO-1/ZO-2 dKO cells embedded in collagen I gels. The lumens failed to expand in ZO-1/ZO-2 dKO cells, and microvilli and microlumens were observed between the cells (K and L). The cells were pseudocolored in J′. White squares indicate the regions shown in high-magnification images. Scale bars: 10 µm (A--D); 2 µm (F and I); 1 µm (G and J); 500 nm (H, K, and L).](JCB_201812157_Fig6){#fig6}

ZO-1/ZO-2 regulate zonula adherens formation and actomyosin organization {#s08}
------------------------------------------------------------------------

ZO-1 and ZO-2 can localize to AJs in nonepithelial cells ([@bib35], [@bib36], [@bib38]) and have been implicated in zonula adherens assembly in epithelial cells ([@bib31]; [@bib76]; [@bib16]; [@bib40]; [@bib11]). We examined the localization of AJ markers, including afadin and E-cadherin, in ZO-1/ZO-2 dKO cells and found that although AJ markers were able to concentrate at the apical cell--cell contacts, the localization was discontinuous and fragmented ([Fig. 7, A and B](#fig7){ref-type="fig"}), consistent with the transmission EM observations ([Figs. 3 F](#fig3){ref-type="fig"} and S3 B). In contrast, in claudin quinKO cells, AJ marker localization was not notably altered ([Fig. 7, C and D](#fig7){ref-type="fig"}). These results suggest that ZO-1/ZO-2 are required for AJ assembly.

![**ZO-1/ZO-2 is required for zonula adherens formation. (A and B)** AJ markers afadin (A) and E-cadherin (B) were apically localized but fragmented in ZO-1/ZO-2 dKO cells. **(C and D)** Afadin (C) and E-cadherin (D) localizations were not altered, but the junctions appeared to be straighter in claudin quinKO cells. Graphs are quantitation of the fluorescence intensity and represent mean ± SD (*n* = 3--5). **(E--G)** F-actin (E), Myosin IIA (F), and IIB (G) organization in ZO-1/ZO-2 dKO cells and claudin quinKO cells. Apical confocal sections are shown in E--G. Actin bundles (E′) and myosin II foci (F′ and G′) were observed in the apical cytoplasm of ZO-1/ZO-2 dKO cells, while F-actin (E″) and Myosin II (F″ and G″) were more enriched at cell junctions in claudin quinKO cells (also see line scan). Line scans represent the fluorescent intensity along the yellow arrows, and black arrows indicate the position of cell junctions. Bar graphs are quantitation of the fluorescence intensity of Myosin II in the apical confocal sections and represent mean ± SD (*n* = 3--5). **(H and I)** Tension applied to AJ was monitored by vinculin (H) and α18 (I) localization. Vinculin and α18 localization were increased in ZO-1/ZO-2 dKO and claudin quinKO cells, suggesting that AJs are subjected to increased tension. In ZO-1/ZO-2 dKO cells, vinculin and α18 accumulated at vertices (arrowheads) indicating anisotropy in tension, while vinculin and α18 were increased in an isotropic manner in claudin quinKO cells. Apical confocal sections are shown in H. White squares indicate the regions shown in high-magnification images. Graphs are quantitation of the fluorescence intensity of apical vinculin and total α18 signals and represent mean ± SD (*n* = 3 each). \*, P \< 0.05; \*\*, P \< 0.005, compared by *t* test. Scale bar: 20 µm (A--D and F--I); 10 µm (E). n.s., not significant.](JCB_201812157_Fig7){#fig7}

ZO-1 and ZO-2 were reported to regulate actomyosin ([@bib52]; [@bib16]; [@bib68]; [@bib11]; [@bib50]), and actomyosin plays important roles in AJ organization ([@bib77]). Phalloidin staining revealed that in ZO-1/ZO-2 dKO cells, apical F-actin organization was disorganized, and actin bundles were oriented perpendicular to the cell junctions ([Fig. 7 E](#fig7){ref-type="fig"}). In contrast, in claudin quinKO cells, the circumferential actin bundle running parallel to the cell junctions was highly developed ([Fig. 7 E](#fig7){ref-type="fig"}″). In ZO-1/ZO-2 dKO cells, Myosin II accumulation was increased and formed foci in the apical cytoplasm localizing along the actin bundles ([Fig. 7, F and G](#fig7){ref-type="fig"}), while in claudin quinKO cells, Myosin II was more concentrated at the cell junctions ([Fig. 7](#fig7){ref-type="fig"}, F″ and G″).

Contractile actomyosin bundles can apply tension to AJs and induce unfolding of α-catenin that results in recruitment of vinculin ([@bib78]). Vinculin localization to AJs was increased in ZO-1/ZO-2 dKO and claudin quinKO cells, suggesting that increased tension is applied to AJs ([Fig. 7 H](#fig7){ref-type="fig"}). Staining by α18 monoclonal antibody, which preferentially detects the open conformation of α-catenin ([@bib78]), showed similar results ([Fig. 7 I](#fig7){ref-type="fig"}). Localization of vinculin and α18 was anisotropic in ZO-1/ZO-2 dKO cells, and increased accumulation at vertices was observed (arrowheads in [Fig. 7, H](#fig7){ref-type="fig"}′ and I′), in agreement with previous observations ([@bib11]). In contrast, vinculin and α18 accumulation was isotropic along the cell junctions in claudin quinKO cells ([Fig. 7, H](#fig7){ref-type="fig"}″ and I″), resulting in a more linear morphology of the cell junctions ([Fig. 10 H](#fig10){ref-type="fig"}).

AJ and tension defects cannot fully explain the epithelial polarity defects in ZO-1/ZO-2 dKO cells {#s09}
--------------------------------------------------------------------------------------------------

As AJs play important roles in epithelial polarity ([@bib45]; [@bib26]), we considered the possibility that ZO-1 and ZO-2 regulate epithelial polarity through regulation of AJ formation. To test this possibility, we knocked out afadin or E-cadherin (Fig. S4, C and D). Epithelial barrier function was not affected in either afadin KO cells or E-cadherin KO cells ([Fig. 8 A](#fig8){ref-type="fig"}). In 2D culture, epithelial polarity was not perturbed in afadin KO cells or E-cadherin KO cells ([Fig. 8, B--F](#fig8){ref-type="fig"}). In collagen gels, afadin KO cells exhibited multilumen phenotypes consistent with previous reports ([@bib22]), while E-cadherin KO cells were able to form polarized cysts ([Fig. 8, G--I](#fig8){ref-type="fig"}). Although multilumen phenotypes are thought to represent epithelial polarity defects ([@bib46]), they were clearly distinct from the lumen expansion defects observed in ZO-1/ZO-2 dKO cells. As afadin or E-cadherin KO may not completely abrogate AJ function, we also generated αE-catenin KO cells ([Fig. 8 J](#fig8){ref-type="fig"}). αE-catenin KO cells showed epithelial polarity defects in which ezrin was mislocalized to lateral cell contacts, and Na-K ATPase α1 subunit was also detected on the apical plasma membrane ([Fig. 8 K](#fig8){ref-type="fig"}). However, in contrast to ZO-1/ZO-2 dKO cells, centrosome localization was randomized in αE-catenin KO cells ([Fig. 8 K](#fig8){ref-type="fig"}), indicating that the polarity defect is more severe. These results suggest that although AJ disorganization may contribute to the epithelial polarity phenotypes in ZO-1/ZO-2 dKO cells, the observed polarity defects in ZO-1/ZO-2 dKO cells and AJ perturbations are distinct from each other.

![**The effect of AJs on epithelial polarity is distinct from that of ZO-1/ZO-2. (A)** TER measurements showed that the epithelial barrier was not disorganized in afadin KO or E-cadherin KO cells. Graphs represent mean ± SD (*n* = 3). **(B)** No epithelial polarity defects were observed in afadin KO and E-cadherin KO cells cultured on Transwell filters. See [Fig. 6 A](#fig6){ref-type="fig"} for control images. **(C--F)** Quantitation of polarization index of ezrin (C), Forssman antigen (D), Na-K ATPase α1 subunit (E), and Scribble (F). Graphs represent mean ± SD (*n* = 2--9). Data for MDCK II cells are identical to [Fig. 6](#fig6){ref-type="fig"}. **(G and H)** Localization of apical marker gp135 (green) and basolateral marker Scribble (magenta) in afadin KO cells (G) and E-cadherin KO cells (H) embedded in collagen I gels and cultured for 5--7 d. **(G)** Afadin KO cells showed multilumen phenotypes. **(H)** E-cadherin KO cells were able to form polarized cysts. See [Fig. 7 A](#fig7){ref-type="fig"} for control images. **(I)** Quantitation of cyst phenotypes (*n* = 318 for MDCK II, *n* = 332 for Afadin KO, *n* = 457 for E-cadherin KO). **(J)** Phase-contrast images of MDCK II cells and αE-catenin KO cells. Strong cell--cell adhesion is lost in αE-catenin KO cells. **(K)** Epithelial polarity defects in αE-catenin KO cells. Ezrin and Na-K ATPase α1 subunit were detected on both the apical and basolateral membranes, and centrosome localization was randomized. Scale bars: 10 µm. n.s., not significant.](JCB_201812157_Fig8){#fig8}

Myosin II activity was implicated in epithelial polarity ([@bib80]), and actomyosin was disorganized in ZO-1/ZO-2 dKO cells ([Fig. 7, E--G](#fig7){ref-type="fig"}), prompting us to examine the roles of myosin in the epithelial polarity defects of ZO-1/ZO-2 dKO cells. Treatment of ZO-1/ZO-2 dKO cells with myosin II inhibitor blebbistatin did not modify the epithelial polarity phenotypes, although the apical actomyosin bundles characteristic of ZO-1/ZO-2 dKO cells were disrupted (Fig. S4 B). These findings suggest that tension disorganization cannot account for the epithelial polarity phenotypes of ZO-1/ZO-2 dKO cells.

ZO family proteins regulate Par-3--aPKC localization {#s10}
----------------------------------------------------

Polarity signaling molecules including the Par-3--Par-6--aPKC complex localize to TJs ([@bib41]; [@bib57]). In parental MDCK II cells, Par-3, aPKC, and Pals1 were localized to the apical junctions ([Fig. 9, A--C](#fig9){ref-type="fig"}). In contrast, in ZO-1/ZO-2 dKO cells, Par-3 and aPKC localization was fragmented and diffuse, although occasional apical junction localization was observed ([Fig. 9, D and E](#fig9){ref-type="fig"}). Pals1 localization was also perturbed, but the defects were less pronounced ([Fig. 9 F](#fig9){ref-type="fig"}). Expression of ZO-1--GFP restored the apical junction localization of Par-3, aPKC, and Pals1 ([Fig. 9, G--I](#fig9){ref-type="fig"}). The apical junction localization of polarity proteins was not perturbed in claudin quinKO cells ([Fig. 9, J--L](#fig9){ref-type="fig"}). These findings suggest that the apical junction localization of polarity signaling molecules requires ZO-1 and ZO-2.

![**Polarity signaling molecules are mislocalized in ZO-1/ZO-2 dKO cells. (A--C)** Par-3 (A), aPKC (B), and Pals1 (C) were localized to apical junctions in MDCK II cells. **(D--F)** Par-3 (D) and aPKC (E) were diffuse and fragmented in ZO-1/ZO-2 dKO cells. Pals1 (F) localization was fragmented to a smaller extent in ZO-1/ZO-2 dKO cells. **(G--I)** Apical junction localization of Par-3 (G), aPKC (H), and Pals1 (I) was restored by expression of ZO-1--GFP in ZO-1/ZO-2 dKO cells. **(J--L)** Par-3 (J), aPKC (K), and Pals1 (L) were able to localize to apical junctions in claudin quinKO cells. Apical confocal sections are shown for Pals1, and the intracellular signals are nonspecific staining. **(M and N)** Willin-GFP overexpression promoted apical junction localization of aPKC in ZO-1/ZO-2 dKO cells. **(M)** aPKC localization was diffuse and fragmented in ZO-1/ZO-2 dKO cells. **(N)** Willin-GFP overexpression promoted apical junction localization of aPKC. GFP (M and N); aPKC (M′ and N′). **(O)** Willin-GFP overexpression did not restore the polarized localization of ezrin and Na-K ATPase α1 subunit in ZO-1/ZO-2 dKO cells. **(P and Q)** Quantitation of polarization index of ezrin (P) and Na-K ATPase α1 subunit (Q). Graphs represent mean ± SD (*n* = 10 each). \*\*\*, P \< 0.0005, compared by *t* test. **(R--T)** Localization of apical marker gp135 (green) and basolateral marker Scribble (magenta) in MDCK II cells (R), ZO-1/ZO-2 dKO cells (S), and ZO-1/ZO-2 dKO + Willin-GFP cells (T) embedded in collagen I gels and cultured for 5--7 d. Willin-GFP expression did not rescue the lumen phenotype. **(U)** Quantitation of cyst phenotypes (*n* = 368 for MDCK II, *n* = 536 for ZO-1/ZO-2 dKO, *n* = 1,061 for ZO-1/ZO-2 dKO + Willin-GFP). Data for ZO-1/ZO-2 dKO are identical to [Fig. 7 E](#fig7){ref-type="fig"}. Scale bars: 20 µm (A--L and O); 10 µm (M, N, and R--T).](JCB_201812157_Fig9){#fig9}

To examine whether mislocalization of Par-3 and aPKC was responsible for the epithelial polarity defects in ZO-1/ZO-2 dKO cells, we overexpressed Willin-GFP in these cells and isolated multiple stable transfectants. Willin protein is recruited to the apical junctional complex by Nectins, a group of cell adhesion molecules localized at AJs, and regulates the apical junction localization of aPKC in parallel to Par-3 ([@bib33], [@bib34]). Overexpression of Willin-GFP in ZO-1/ZO-2 dKO cells promoted the apical junction localization of aPKC ([Fig. 9, M and N](#fig9){ref-type="fig"}) but did not rescue the epithelial polarity defects in ZO-1/ZO-2 dKO cells ([Fig. 9, O--U](#fig9){ref-type="fig"}). These results suggest that although ZO-1 and ZO-2 regulate the localization of Par-3 and aPKC, the aPKC pathway is not the only mechanism downstream of ZO-1/ZO-2 involved in the regulation of epithelial polarity.

Claudins and JAM-A coordinately regulate structural organization of TJ {#s11}
----------------------------------------------------------------------

The results described so far suggest that although claudins are essential for TJ strands/kissing points and electrolyte permeability barrier formation, other molecules are involved in the formation of the membrane appositions, macromolecule permeability barrier, and epithelial polarity. It is known that in addition to claudins, other integral membrane proteins such as occludin and JAMs localize to TJs ([@bib18]; [@bib44]). In claudin quinKO cells, although occludin localization was reduced ([Fig. 2 F](#fig2){ref-type="fig"}), JAM-A was more concentrated to apical cell junctions ([Fig. 2 J](#fig2){ref-type="fig"}). As JAM family proteins have been implicated in TJ gate and fence function ([@bib55]; [@bib43]; [@bib70]), we investigated whether JAM-A is involved in the claudin-independent TJ structure and function.

JAM-A KO cells and claudin-2/4/3/7/1/JAM-A sextuple KO (claudin/JAM-A KO) cells were generated (Fig. S5, A--C and I--K). JAM-A KO cells did not show significant change in TJ or AJ marker localization (Fig. S5, D--F). In contrast, in claudin-JAM-A KO cells, discontinuity in ZO-1 staining was observed ([Fig. 10 A](#fig10){ref-type="fig"}, arrowheads), and large gaps in ZO-1 were occasionally found ([Fig. 10 A](#fig10){ref-type="fig"}, asterisk). Similar results were observed for ZO-2, ZO-3, and Afadin ([Fig. 10, B--D](#fig10){ref-type="fig"}). The gaps in ZO-1 were not due to loss of cell--cell contacts, as E-cadherin staining was continuous ([Fig. 10 E](#fig10){ref-type="fig"}). The circumferential actin bundle running parallel to the cell junctions was extensively developed ([Fig. 10, F and G](#fig10){ref-type="fig"}), resulting in extremely straight cell junctions ([Fig. 10 H](#fig10){ref-type="fig"}). Occludin staining was further reduced compared with claudin quinKO cells ([Fig. 10, I--M](#fig10){ref-type="fig"}).

![**JAM-A regulates membrane appositions and epithelial polarity in claudin quinKO cells. (A--M)** Immunofluorescence analyses of cell junction proteins in claudin/JAM-A KO cells. **(A)** Discontinuity in ZO-1 staining is observed (arrowheads), and large gaps of ZO-1 were occasionally found (asterisk). **(B--E)** Discontinuity (arrowheads) and gaps (asterisk) were also observed for ZO-2 (B), ZO-3 (C), and Afadin (D) in claudin/JAM-A KO cells. E-cadherin (E) staining was continuous, suggesting that cell--cell contact is maintained. **(F and G)** F-actin staining shows thickening of circumferential actin bundles. Apical confocal sections are shown. Line scans represent the fluorescent intensity along the yellow arrow in F, and black arrows in G represent the position of cell junctions. **(H)** Linearity of cell junctions were quantified by measuring the length of deviation from a straight line drawn between the vertices of the corresponding cell junction. Cell junctions of claudin quinKO cells were straighter than MDCK II cells, and extremely straight in claudin/JAM-A KO cells. Graphs represent mean ± SD (*n* = 15 each). **(I--L)** Occludin immunostaining was reduced in claudin quinKO cells, and further reduced in claudin/JAM-A KO cells. **(M)** Quantitation of the fluorescence intensity of occludin. Graphs represent mean ± SD (*n* = 3 each). Data for MDCK II and claudin quinKO are identical to [Fig. 2 F](#fig2){ref-type="fig"}. **(N--P)** Transmission EM analyses of ultrathin sections of claudin/JAM-A KO cells. Black squares indicate the regions shown in high-magnification images. Intercellular spaces were open in claudin/JAM-A KO cells, and AJ-like structures were found (asterisk). Focal membrane appositions were found in some cases (arrow). Occasionally, apical cell junctions were not formed, and microvilli-like structures were observed along the lateral membranes (P). Mv, microvilli. **(Q and R)** Large gaps (asterisks) were occasionally observed in Par-3 (Q) and aPKC (R) staining. **(S)** Sporadic epithelial polarity defects were observed in claudin/JAM-A KO cells (yellow brackets), where ezrin was mislocalized to the lateral cell junctions, and Na-K ATPase α1 subunit was found on both apical and basolateral membranes. **(T and U)** Localization of apical marker gp135 (green) and basolateral marker Scribble (magenta) in JAM-A KO cells (T) and claudin/JAM-A KO cells (U) embedded in collagen I gels and cultured for 5--7 d. Multilumen phenotypes were observed in ∼20% of the cysts formed by JAM-A KO cells (T′). Majority of the cysts formed by claudin/JAM-A KO cells showed closed lumen phenotypes (U), while ∼20% of them had single lumens, although the lumen morphology was abnormal (U′). **(V)** Quantitation of cyst phenotypes (*n* = 343 for MDCK II, *n* = 398 for JAM-A KO-1, *n* = 502 for JAM-A KO-2, *n* = 752 for claudin quinKO, *n* = 970 for claudin/JAM-A KO-1, *n* = 1186 for claudin/JAM-A KO-2). Data for MDCK II and claudin quinKO are identical to [Fig. 7 E](#fig7){ref-type="fig"}. \*, P \< 0.05; \*\*\*, P \< 0.0005. See [Figs. 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}, [6](#fig6){ref-type="fig"}, [7](#fig7){ref-type="fig"}, and [9](#fig9){ref-type="fig"} for control images. Scale bars: 20 µm (A--L and Q--S); 100 nm (N and O); 1 µm (P); 10 µm (T and U).](JCB_201812157_Fig10){#fig10}

Transmission EM revealed widening of the intercellular space at the apical junctions of claudin/JAM-A KO cells ([Fig. 10, N and O](#fig10){ref-type="fig"}; and Fig. S3 C). However, focally apposed membranes were observed in some cases ([Fig. 10 N](#fig10){ref-type="fig"}′, arrow), suggesting that other adhesion molecules may also contribute to the membrane appositions. AJ-like structures were found in most cases ([Fig. 10 N](#fig10){ref-type="fig"}′ and O′, asterisk), although we occasionally observed a complete loss of apical junctional structures where microvilli-like protrusions were observed along the lateral plasma membrane, which may have corresponded to the large gaps in ZO-1 staining ([Fig. 10 P](#fig10){ref-type="fig"}). In contrast, no significant change in the TJ structure was observed in JAM-A KO cells (Fig. S3, D--G). These results suggest that JAM-A regulates membrane apposition formation in claudin quinKO cells.

Claudins and JAM-A coordinately regulate epithelial polarity {#s12}
------------------------------------------------------------

To test whether JAM-A is involved in epithelial polarity, we examined the localization of Par-3 and aPKC. Staining of Par-3 and aPKC also revealed large gaps in claudin/JAM-A KO cells, but not in JAM-A KO cells ([Fig. 10, Q and R](#fig10){ref-type="fig"}; and Fig. S5 G). Sporadic epithelial polarity defects were observed in claudin/JAM-A KO cells, in which ezrin was mislocalized to the lateral cell membrane and Na-K ATPase α1 subunit was also detected on the apical plasma membrane ([Fig. 10 S](#fig10){ref-type="fig"}, brackets). Ezrin and Na-K ATPase α1 subunit localization was not perturbed in JAM-A KO cells (Fig. S5 H). In collagen gels, JAM-A KO cells showed a mild multilumen phenotype, consistent with previous reports ([Fig. 10, T and V](#fig10){ref-type="fig"}; [@bib70]). Intriguingly, ∼80% of the cysts formed by claudin/JAM-A KO cells showed lumen expansion defects similar to ZO-1/ZO-2 dKO cells ([Fig. 10, U and V](#fig10){ref-type="fig"}), while ∼20% of the cysts formed by claudin/JAM-A KO cells formed a single lumen, although the apical surface morphology was disorganized ([Fig. 10 U](#fig10){ref-type="fig"}′). These results suggest that claudins and JAM-A coordinately regulate epithelial polarity.

Claudins and JAM-A coordinately regulate the macromolecule permeability barrier formation {#s13}
-----------------------------------------------------------------------------------------

Finally, we examined the role of JAM-A in epithelial barrier. JAM-A KO cells did not show any significant epithelial barrier defects ([Fig. 11, A--E](#fig11){ref-type="fig"}). In claudin/JAM-A KO cells, the TER values and paracellular permeability of small molecules (FITC) was comparable to that of claudin quinKO cells ([Fig. 11, A and B](#fig11){ref-type="fig"}). However, the permeability of molecules larger than 4 kD was significantly increased compared with claudin quinKO cells ([Fig. 11, C--E](#fig11){ref-type="fig"}). These results suggest that claudins and JAM-A coordinately regulate the establishment of the macromolecule permeability barrier ([Fig. 11 F](#fig11){ref-type="fig"}).

![**JAM-A is required for the claudin-independent macromolecule permeability barrier formation. (A)** TER measurements. Unit area resistance was markedly reduced in claudin quinKO and claudin/JAM-A KO cells. **(B--E)** Paracellular flux measurements. **(B)** Apical-to-basal permeability of fluorescein (332.31 D) was dramatically increased in claudin quinKO and claudin/JAM-A KO cells. **(C)** Apical-to-basal permeability of 4-kD FITC-dextran was markedly increased in claudin/JAM-A KO cells, and significantly increased in claudin quinKO cells. **(D)** Apical-to-basal permeability of 40-kD FITC-dextran was dramatically increased in claudin/JAM-A KO cells, but only moderately increased in claudin quinKO cells. **(E)** Apical-to-basal permeability of 150-kD FITC-dextran was dramatically increased in claudin/JAM-A KO cells, but only modestly in claudin quinKO cells. **(F)** Summary of the phenotypes of MDCK II, ZO-1/ZO-2 dKO, claudin quinKO, JAM-A KO, and claudin/JAM-A KO cells. In MDCK II cells, claudins and JAM-A are concentrated at the TJs with ZO-1/ZO-2. Membranes closely appose to each other and kissing points are formed, and paracellular diffusion of electrolytes and macromolecules are prohibited. Epithelial polarity is maintained. In ZO-1/ZO-2 dKO cells, claudins and JAM-A are diffusely localized, and membrane appositions and kissing points are lost. Intercellular space is widened, and electrolytes and macromolecules diffuse across the paracellular space. Epithelial polarity is disorganized. In claudin quinKO cells, JAM-A and ZO-1/2 are concentrated at the apical junctions, and membrane appositions are formed despite the lack of kissing points. Although electrolytes can diffuse across the paracellular space, the paracellular diffusion of macromolecules is prohibited. No epithelial polarity defects are observed. In JAM-A KO cells, claudins and ZO-1/2 localize to TJs, and kissing points are formed. Epithelial barrier and polarity are not perturbed. In claudin/JAM-A KO cells, ZO-1 can localize to apical junctions, but discontinuity is observed. Intercellular space is widened although focal membrane appositions are observed in some cases. Electrolytes and macromolecules can diffuse across the paracellular space, and epithelial polarity is disorganized in some regions. Graphs represent mean ± SD (*n* = 3 each). \*\*, P \< 0.005; \*\*\*, P \< 0.0005, compared with MDCK II cells (or with claudin quinKO cells when notified) by *t* test. n.s., not significant.](JCB_201812157_Fig11){#fig11}

Discussion {#s14}
==========

TJs play central roles in regulating paracellular permeability (gate function) and are also thought to act as a membrane fence to restrict the intermixing of apical and basolateral membrane lipids and proteins (fence function). However, the roles of TJs in epithelial polarity remain controversial ([@bib71]; [@bib32]; [@bib53]), and how claudins and other membrane proteins cooperate to regulate TJ structure and function remains unclear. In the present study, we have demonstrated that ZO-1/ZO-2 are required for epithelial polarity and organize the TJ structure and function by scaffolding the TJ-associated membrane proteins including claudins and JAM-A ([Fig. 11 F](#fig11){ref-type="fig"}).

Roles of ZO-1 and ZO-2 in apical junctional complex formation {#s15}
-------------------------------------------------------------

We have shown that epithelial polarity was disorganized in ZO-1/ZO-2 dKO cells, in contrast to previous KD studies ([@bib71]; [@bib16]; [@bib32]; [@bib50]). Moreover, in general, the phenotypes we observed in ZO-1/ZO-2 dKO cells (TJ/AJ structural defects, barrier defects, lumen formation defects, etc.) were more severe compared with the previous KD studies ([@bib73]; [@bib16]; [@bib11]; [@bib49], [@bib50]). We have shown that in ZO-1 KO/ZO-2 KD EpH4 cells, epithelial polarity was not perturbed, in agreement with previous findings, whereas in ZO-1/ZO-2 dKO EpH4 cells, epithelial polarity was disorganized. Importantly, weak but significant residual ZO-2 expression was found in ZO-1 KO/ZO-2 KD EpH4 cells, while ZO-2 expression was lost in ZO-1/ZO-2 dKO EpH4 cells. Our results are consistent with the idea that even a relatively small amount of residual ZO-1 or ZO-2 can support TJ structure and function to a significant extent, and that it masks some phenotypes. As KD experiments only reduce protein expression and correspond to hypomorphs, it is not surprising that the protein null phenotypes generated by genome editing yield more severe phenotypes.

In ZO-1/ZO-2 dKO cells, the apical junction localization of TJ membrane proteins was disrupted, consistent with the idea that ZO-1 and ZO-2 are essential for TJ assembly. It should be noted that claudins and occludin, but not JAM-A, were occasionally localized to the apical cell junctions together with ZO-3. These results suggest that although ZO-3 is not able to assemble zonula occludens, it can support spontaneous accumulation of claudins and occludin at the apical cell junctions. In contrast to our observations, it has been reported in EpH4 cells that exogenously expressed ZO-3 cannot localize to TJs in ZO-1 KO/ZO-2 KD cells ([@bib71]). It is possible that ZO-3 or TJ membrane proteins are subjected to differential posttranslational modifications in MDCK II cells and EpH4 cells.

Interestingly, discontinuity in ZO-1 staining was observed in claudin/JAM-A KO cells. These results suggest that while ZO-1 and ZO-2 are essential for TJ assembly, claudins and JAM-A are required for the stable apical junction localization of ZO-1. Although it is unclear how the discontinuity in ZO-1 appears in claudin/JAM-A KO cells, our results suggest that TJ membrane proteins and ZO family proteins may interdependently regulate the formation and/or maintenance of TJs.

In ZO-1/ZO-2 dKO cells, we observed fragmentation of AJs, accompanied with the development of actomyosin bundles in the apical cytoplasm running perpendicular to the cell junctions. In contrast, in claudin quinKO cells or claudin/JAM-A KO cells, the circumferential actin bundles running parallel to the cell junctions were extensively developed, and the cell junctions became linear. It is likely that in ZO-1/ZO-2 dKO cells, the perpendicular orientation of the contractile actomyosin fibers results in an anisotropic increase in tension, an idea supported by the preferential accumulation of tension-sensitive AJ markers at vertices. This likely results in an imbalance in the tension applied to the cell junctions, leading to the fragmentation of AJs. In contrast, in claudin quinKO cells or claudin/JAM-A KO cells, the thickening of the circumferential actomyosin bundles results in an isotropic increase in the tension applied to cell junctions, which probably leads to the more linear morphology of cell junctions. The increase in tension in both ZO-1/ZO-2 dKO cells and claudin quinKO cells is notable, as the latter is accompanied by an increase in junctional ZO-1/ZO-2. Although the molecular mechanisms mediating the actomyosin organization in response to TJ perturbation remain largely unexplored, with the exception of Shroom3 ([@bib11]), it is possible that a mechanism exists to detect dysfunctions of the TJs to optimize the strength of the tension applied to the cell junctions.

Structural organization of TJs {#s16}
------------------------------

The structural hallmarks of TJs are the close appositions of neighboring plasma membranes, accompanied by membrane kissing points seen on ultrathin sections, and the anastomosing strand structures observed by freeze-fracture replica EM ([@bib17]; [@bib63]). We showed that claudin-deficient cells lacked TJ strands and membrane kissing points but were able to form membrane appositions. Importantly, further deletion of JAM-A resulted in the widening of intercellular spaces, suggesting that JAM-A plays an important role in membrane apposition formation. These results suggest that TJ strand/kissing point formation and membrane apposition formation can be uncoupled, where claudins play a major role in TJ strand/kissing point formation, while JAM-A can regulate the membrane apposition formation independent of TJ strand assembly. As focal membrane appositions were still observed in claudin/JAM-A KO cells, other adhesion molecules including occludin or JAM-B/C and other related molecules may also contribute to the membrane apposition formation. ZO-1 and ZO-2 were essential for both TJ strand and membrane apposition formation, suggesting that ZO-1/ZO-2 integrate claudins and JAM-A to organize the TJs.

TJ structure and epithelial barrier {#s17}
-----------------------------------

Claudin quinKO cells lacked TJ strands, and their permeability barrier against electrolytes and small molecules was disrupted, while diffusion of macromolecules was restricted. These results suggest that claudin-based TJ strands are not absolutely essential for the formation of the macromolecule permeability barrier. Further deletion of JAM-A from claudin quinKO cells disrupted the macromolecule permeability barrier, suggesting that while claudin-based TJ strands form a tight barrier that can restrict the diffusion of electrolytes and small molecules, JAM-A can form a crude barrier independent of TJ strands that restricts diffusion of larger macromolecules. As JAM-A regulates the close appositions of neighboring membranes, it is possible that the membrane appositions can physically preclude the paracellular diffusion of larger molecules in claudin quinKO cells. Occludin and tricellulin have also been implicated in macromolecule permeability barrier formation ([@bib4]; [@bib42]; [@bib2]; [@bib7]), suggesting that multiple TJ proteins coordinately regulate macromolecule permeability barrier formation. Alternatively, JAM-A may regulate macromolecule permeability barrier formation via occludin and tricellulin.

TJs and epithelial polarity {#s18}
---------------------------

We have shown that ZO-1 and ZO-2 are required for epithelial polarity. Although claudin quinKO cells did not show any epithelial polarity defects, simultaneous deletion of claudins and JAM-A resulted in sporadic epithelial polarity defects, suggesting that claudins and JAM-A coordinately regulate epithelial polarity. These results establish that TJs are required for epithelial polarity.

How do TJs regulate epithelial polarity? We can envisage at least three potential mechanisms. First, ZO-1/ZO-2 may regulate epithelial polarity by establishing a membrane fence at the zonula occludens. This idea is supported by the mislocalization of Forssman antigen, a glycosphingolipid antigen in ZO-1/ZO-2 dKO cells. On the other hand, the localization of some proteins such as gp135 were not affected in ZO-1/ZO-2 dKO cells, which may reflect the differential mobility of membrane proteins on plasma membrane. Interestingly, a recent in vitro study showed that claudin-4 reconstituted in unilamellar vesicles can exclude proteins, but not lipids, from its interface, suggesting that claudins can restrict the intramembrane diffusion of membrane proteins ([@bib5]). In addition, it has been shown that JAM-A overexpression in fibroblast cells results in an appearance of smooth membrane area on freeze fractures ([@bib39]), indicating that local accumulation of JAM-A results in exclusion of other membrane particles. When JAM-A is organized in a belt-like fashion in epithelial cells, it may act as a membrane fence by precluding other membrane proteins from diffusing across the zonula occludens. Although the fence function is an attractive possibility, we were unable to directly address the fence function in the present study, because the epithelial barrier was disrupted in ZO-1/ZO-2 dKO cells, and selective labeling of the apical or basolateral plasma membranes with fluorescent lipids was not possible. Thus, whether TJs can act as a membrane fence to restrict intramembrane diffusion of membrane lipids and proteins should be addressed in future studies.

Second, as Par-3 and aPKC localization are disorganized in ZO-1/ZO-2 dKO cells, ZO-1/ZO-2 may regulate epithelial polarity by regulating the spatial organization of the polarity signaling. JAM-A has been reported to bind Par-3 ([@bib15]; [@bib39]), whereas cell--cell junction formation is dependent on the polarity signaling molecules ([@bib65]; [@bib28]; [@bib30]), suggesting that the feedback between TJ/AJ and polarity signaling could be disrupted in ZO-1/ZO-2 dKO cells, leading to a collapse of the epithelial polarity program. Although this is a likely scenario, the failure to rescue the polarity phenotypes by Willin overexpression indicates that this is not the only mechanism downstream of ZO-1/ZO-2 to regulate epithelial polarity. Moreover, the normal localization of gp135 and centrosomes argues that despite the abnormal localization of Par-3 and aPKC, the epithelial polarity is retained to some extent in ZO-1/ZO-2 dKO cells. Third, as ZO-1/ZO-2 regulates the apical junctional complex formation, it is possible that ZO-1/ZO-2 regulates epithelial polarity by regulating the apical junctional complex, which is thought to serve as a polarity landmark ([@bib14]). For example, the localization of Par-3, which has been shown to act as a receptor for the exocyst complex ([@bib1]), is perturbed in ZO-1/ZO-2 dKO cells. ZO-1/ZO-2 may regulate polarized transport by establishing the apical cell junctions to form landmarks for polarized delivery of membrane proteins. However, it should be noted that some proteins such as gp135 were localized to the correct plasma membrane domain, indicating that polarized transport is not completely abrogated in ZO-1/ZO-2 dKO cells. In addition, centrosome localization was not affected in ZO-1/ZO-2 dKO cells in contrast to αE-catenin KO cells, suggesting that the epithelial polarity defects of ZO-1/ZO-2 dKO cells are qualitatively distinct from that of a near-complete loss of cell junctions in αE-catenin KO cells.

Another important remaining question is how ZO-1 and ZO-2 become localized to the most apical region of intercellular junctions to induce TJ formation. As TJs are located at the border of the apical and basolateral membranes, it is reasonable to assume that the polarity signaling complexes play important roles in TJ positioning. Further genetic dissection and reconstitution studies should reveal the molecular mechanisms that control junctional complex assembly and epithelial polarity in the future.

Materials and methods {#s19}
=====================

Cell culture {#s20}
------------

MDCK II cells derived from canine kidney were provided by Masayuki Murata (University of Tokyo, Tokyo, Japan) and cultured in DMEM (low glucose; \#05919; Nissui) supplemented with 10% FCS ([@bib21]). EpH4 cells derived from mouse mammary gland ([@bib56]) were provided by Ernst Reichmann (University of Zurich, Zurich, Switzerland) and cultured in DMEM (low glucose) supplemented with 10% FCS. Claudin-2/4 dKO MDCK II cells ([@bib69]), ZO-1 KO/ZO-2 KD EpH4 cells ([@bib71]), and ZO-1/ZO-2 dKO EpH4 cells ([@bib48]; provided by Junichi Ikenouchi, Kyushu University, Fukuoka, Japan) were described previously. All cells were cultured at 37°C under 5% CO~2~.

For immunofluorescence or physiological analyses, cells were cultured on Transwell polycarbonate filters (0.4-µm pore size; \#3413; Corning), with 1 × 10^5^ cells seeded per 6.5-mm-diameter filter. For 3D culture, MDCK II cells were embedded in bovine dermis atelocollagen (IPC-50; Koken). Briefly, bovine atelocollagen and cell suspension prepared in ice-cold DMEM supplemented with 10% FCS and 20 mM Hepes (pH 7.4) were mixed at a 4:6 ratio on ice, and 150 µl of the solution was plated on 12-mm-diameter Transwell-Clear polyester filters (0.4-µm pore size; \#3460; Corning), with 6 × 10^4^ cells seeded per filter. The gel was allowed to form at 37°C for 10 min, and DMEM supplemented with 10% FCS was added to the upper and lower chambers. Myosin II inhibitor (-)-blebbistatin (\#021-17041; Wako) was used at 50 µM for 2 h ([@bib64]). Phase-contrast images were acquired by AdvanCam-HD1080P camera (Advan Vision) mounted on an inverted microscope CKX53 (Olympus Lifescience).

Genome editing and transfection {#s21}
-------------------------------

ZO-1/ZO-2 dKO cells were generated by sequential genome editing using transcription activator-like effector nuclease (TALEN). The ZO-1 and ZO-2 TALENs were described previously ([@bib68]). Initially, ZO-2 KO cells were established by transfecting ZO-2 TALEN vectors into parental MDCK II cells and cloning by limited dilution. ZO-1 TALEN vectors were further transfected into parental MDCK II or ZO-2 KO cells and cloned by limited dilution to establish ZO-1 KO cells and ZO-1/ZO-2 dKO cells, respectively.

Claudin KO cells were generated by sequential genome editing using TALENs. Claudin-2/4 dKO cells ([@bib69]) and claudin-3/7/1 TALENs were described previously ([@bib67]). Initially, claudin-3 TALEN vectors were transfected into claudin-2/4 dKO cells, and claudin-2/4/3 triple KO cells were cloned by limited dilution. Claudin-7 TALEN vectors were further transfected into claudin-2/4/3 triple KO cells, and claudin-2/4/3/7 quadruple KO cells were cloned by limited dilution. Finally, claudin-1 TALEN vectors were transfected into a claudin-2/4/3/7 quadruple KO cell clone, and claudin-2/4/3/7/1 quinKO cells were cloned by limited dilution.

E-cadherin KO cells, afadin KO cells, αE-catenin KO cells, JAM-A KO cells, and claudin/JAM-A KO cells were generated by electroporation of parental MDCK II cells (or claudin quinKO cells for generation of claudin/JAM-A KO cells) with Cas9--gRNA RNP complexes using a CUY21 Pro-Vitro electroporator (Nepagene). CRISPR RNA and trans-activating CRISPR RNA were synthesized by IDT and annealed with one another, and the gRNA duplex was further incubated with Cas9 protein (IDT) at RT for 10 min to form the Cas9--gRNA RNP complex. Cas9 and gRNA duplex were mixed at a 1:1.2 molar ratio, and 100 pmol Cas9 and 120 pmol gRNA duplex were introduced to 1 × 10^5^ to 1 × 10^6^ cells. Electroporation was performed with the following conditions: prepulse, 150 V for 10 ms; postpulses, 10 pulses of 20 V for 50 ms at 50-ms intervals. The target sequences were as follows (PAM sequences are underlined): afadin, 5′-GGA​TGA​TAG​GCC​TTT​CCA​A[GGG]{.ul}-3′; E-cadherin, 5′-GAT​GAC​ACC​CGA​TTC​AAA​GT[GGG]{.ul}-3′; αE-catenin, 5′-GTT​TCT​CAA​GGA​AGA​GCT​TG[TGG]{.ul}-3′; and JAM-A, 5′-[CCT]{.ul}ATG​AGG​ACC​GAG​TTA​CCT​TC-3′.

Screening of KO cells was performed by immunofluorescence in glass-bottom 96-well plates (\#4580; Corning). αE-catenin KO cells were isolated on the basis of loss of cell--cell adhesion. Loss of protein expression was confirmed by Western blotting. The genomic regions of the targeted genes were amplified by genomic PCR and subcloned into pTAC-1 vector (BioDynamics Laboratory) by TA cloning or digested with EcoRI/SalI or EcoRI/XhoI and ligated into pBS-SK(-) vector digested with EcoRI/SalI. Successful KO was confirmed by Sanger sequencing with a BigDye Terminator v3.1 Sequencing Kit (Thermo Fisher Scientific) and analysis with an Applied Biosystems 3130xl DNA analyzer (Thermo Fisher Scientific). The following primers were used for genomic PCR (restriction enzyme sites are underlined): ZO-1 forward, 5′-AAG​GAA​GTT​CCT​GCG​TGT​AGT​TTC-3′, and reverse, 5′-CAG​GAA​TAA​AAA​GAA​AAA​GCT​AAC​C-3′; ZO-2 forward, 5′-TTT​TGT​AAT​GAT​TGT​TTT​GGA​GTG​G-3′, and reverse, 5′-AAC​TCA​AGG​ACA​GGG​GAT​GCC​TGG​G-3′; claudin-1 forward, 5′-TTT​T[CTC​GAG]{.ul}CCT​GAT​CCT​TCC​CAG​GGG​T-3′, and reverse, 5′-TTT​TT[GAA​TTC]{.ul}ACC​TTG​CAC​TGA​ATC​TGC​CC-3′; claudin-3 forward, 5′-AAG​CAC​AGG​CAG​GTG​CAG​GCG​CTG​C-3′, and reverse, 5′-AGC​CCG​AAG​GCG​GCC​AGC​AGG​ATG​G-3′; claudin-7 forward, 5′-GGG[GTC​GAC]{.ul}CCG​GCC​TTC​GCG​GAT​CGC​TCT​TTG​G-3′, and reverse, 5′-CCC[GAA​TTC]{.ul}TCG​TAC​ATT​TTG​CAG​CTC​ATC​ATG​C-3′; afadin forward, 5′-CCC[GTC​GAC]{.ul}CAC​ATG​CGA​AGT​GCA​CAG​AT-3′, and reverse, 5′-AAA​AA[GAA​TTC]{.ul}GGT​CCA​AAC​AAC​CAG​AAA​GG-3′; E-cadherin forward, 5′-CCC[GTC​GAC]{.ul}GGC​AGG​TTT​CTG​TTT​GCA​CT-3′, and reverse, 5′-TTT​TT[GAA​TTC]{.ul}GGT​ATT​GGC​CAT​GTC​TGG​AG-3′; and JAM-A forward, 5′-CCC[GTC​GAC]{.ul}CAG​CTC​ATC​CAG​CTC​ATC​CA-3′, and reverse, 5′-TTT​TT[GAA​TTC]{.ul}TTG​ACG​GTG​ACC​TCC​CCA​TA-3′.

pCANw-ZO-1--GFP was generated by subcloning mouse ZO-1 into pCANw-Sal-EGFP ([@bib29]). pCANw-Willin-GFP was kindly provided by Masatoshi Takeichi (RIKEN Center for Biosystems Dynamics Research, Kobe, Japan; [@bib33]). Transfection of plasmid vectors was performed with Lipofectamine LTX (\#15338-100; Thermo Fisher Scientific), according to the manufacturer's instructions.

Antibodies {#s22}
----------

The following antibodies were used in this study: mouse monoclonal anti--ZO-1 (clone T-8754; [@bib35]); rabbit polyclonal anti--ZO-1 (\#61-7300; Thermo Fisher Scientific; for Western blotting); rabbit polyclonal anti--ZO-2 (\#38-9100; Thermo Fisher Scientific); rabbit polyclonal anti--ZO-3 (\#36-4100; Thermo Fisher Scientific); rabbit polyclonal anti-tricellulin/MARVELD2 (\#48-8400; Thermo Fisher Scientific); rabbit polyclonal anti-l/s-afadin (\#A0224; Sigma-Aldrich); rabbit polyclonal anti-myosin IIA (\#M8064; Sigma-Aldrich); rabbit polyclonal anti-myosin heavy chain IIB (\#Poly19099; BioLegend); rabbit polyclonal anti--claudin-1 (\#51-9000; Thermo Fisher Scientific); mouse monoclonal anti--claudin-2 (clone 12H12; \#32-5600; Thermo Fisher Scientific); rabbit polyclonal anti--claudin-3 (\#34-1700; Thermo Fisher Scientific); mouse monoclonal anti--claudin-4 (clone 3E2C1; \#32-9400; Thermo Fisher Scientific); rabbit polyclonal anti--claudin-7 (\#34-9100; Thermo Fisher Scientific); rat monoclonal anti-occludin (clone MOc37; [@bib58]); rabbit polyclonal anti-occludin ([@bib58]; for Western blotting); rabbit polyclonal anti-canine JAM-A ([@bib55]); rat monoclonal anti--E-cadherin (clone ECCD-2; \#M108; Takara; [@bib61]); mouse monoclonal anti--E-cadherin (clone rr1; Developmental Studies Hybridoma Bank; for Western blotting; [@bib24]); rabbit polyclonal anti-α-catenin (\#C2081; Sigma-Aldrich); rat monoclonal anti-α-catenin (clone α18; provided by Akira Nagafuchi, Nara Medical University, Nara, Japan; [@bib47]); mouse monoclonal anti--β-catenin (clone 14; \#610153; BD Biosciences); mouse anti-vinculin (clone VIN-11-5; \#V4505; Sigma-Aldrich); rabbit polyclonal anti-Scribble (H-300; \#sc-28737; Santa Cruz Biotechnology); mouse anti-sodium potassium ATPase α 1 (clone 464.6/6H; Novus Biologicals; [@bib54]); mouse monoclonal anti--γ-tubulin (clone GTU88; \#T5326; Sigma-Aldrich); mouse monoclonal anti--α-tubulin (clone DM1A; \#05-829; Merck; [@bib6]); mouse monoclonal anti--β-actin (clone AC-15; \#A1978; Sigma-Aldrich; [@bib23]); rat monoclonal anti-ezrin (clone M11; provided by Shigenobu Yonemura, Tokushima University, Tokushima, Japan; [@bib66]); rat monoclonal anti-Forssman antigen (clone 12B12; provided by Junichi Ikenouchi; [@bib81]); mouse monoclonal anti-gp135 (clone 3F2/D8; Developmental Studies Hybridoma Bank; [@bib51]); rabbit anti--Par-3 (\#07-330; Merck); rabbit anti-aPKC (\#sc-216; Santa Cruz Biotechnology); rabbit anti Pals1 (\#07-708; Merck); and mouse monoclonal anti-GFP (clones 7.1 and 13.1; Roche Applied Science).

The following secondary antibodies and detection reagents were used: donkey anti-mouse IgG Alexa Fluor 488--conjugated (\#A21202; Molecular Probes); donkey anti-rat IgG Alexa Fluor 488--conjugated (\#A21208; Molecular Probes); donkey anti-rabbit IgG Alexa Fluor 488--conjugated (\#A21206; Molecular Probes); donkey anti-mouse IgG Cy3-conjugated (\#715-165-151; Jackson ImmunoResearch Laboratories); donkey anti-rat IgG Cy3-conjugated (\#712-165-153; Jackson ImmunoResearch Laboratories); donkey anti-rabbit IgG Cy3-conjugated (\#711-165-152; Jackson ImmunoResearch Laboratories); donkey anti-mouse IgG Cy5-conjugated (\#715-175-151; Jackson ImmunoResearch Laboratories); donkey anti-rat IgG Cy5-conjugated (\#712-175-153; Jackson ImmunoResearch Laboratories); donkey anti-rabbit IgG Cy5-conjugated (\#711-175-152; Jackson ImmunoResearch Laboratories); Alexa Fluor 488--conjugated Phalloidin (\#A12379; Molecular Probes); sheep anti-mouse IgG HRP-conjugated whole antibody (\#NA931V; GE Healthcare); and donkey anti-rabbit HRP-conjugated F(a′b′)~2~ fragment (\#NA9340V; GE Healthcare).

Western blotting {#s23}
----------------

Cells were rinsed with PBS, lysed in Laemmli sample buffer supplemented with 100 mM DTT, and incubated at 95°C for 5--10 min. The obtained samples were separated by SDS-PAGE using standard methods and 6%, 8%, 10%, or 12% polyacrylamide gels. The separated proteins were transferred to 0.45-µm-pore Protran nitrocellulose transfer membranes (\#10-401-196; Whatman) and blocked with 5% skim milk in TBS. The primary antibodies were diluted in the blocking buffer or Can Get Signal (\#NKB-101; Toyobo Life Science) and incubated with the membranes for 1--2 h at RT. After three washes with 0.1% Tween-20 in TBS for 10 min at RT with agitation, signals were detected by chemiluminescence using an ECL Prime Kit (\#RPN2232; GE Healthcare), and images were captured using an LAS3000 mini (Fujifilm). Image processing (brightness and contrast adjustments) was performed using Fiji/ImageJ 1.52f software (National Institutes of Health).

Immunohistochemistry {#s24}
--------------------

MDCK II cells cultured on Transwell filters for 5--7 d were fixed with 1% PFA in PBS for 5 min at RT (for ZO-1, myosin IIA, and α18), 4% PFA in PBS for 15 min at RT (for JAM-A, ezrin, vinculin, and phalloidin), 10% TCA for 15 min at 4°C (for ZO-2), or 100% methanol for 15 min at −20°C (for ZO-3, claudins, occludin, afadin, E-cadherin, Myosin IIB, Scribble, Na-K ATPase α1, aPKC, Par-3, Pals1, and GFP). The filters were rinsed with PBS, and the cells were permeabilized with 0.1% Triton X-100 in PBS for 15 min at RT. The filters were excised with scalpels and blocked by incubation with 10% FCS in PBS. The primary antibodies were diluted in the blocking solution and incubated with the filters for 1--2 h at RT. After three washes with 0.1% Triton X-100 in PBS, the filters were incubated with the secondary antibodies for 30--60 min at RT. After three washes with 0.1% Triton X-100 in PBS, the samples were mounted in FluoroSave Reagent (\#345789; Calbiochem).

For staining with the anti-Forssman antigen antibody, MDCK II cells cultured on Transwell filters for 5--7 d were fixed with 1% PFA in PBS for 10 min at RT. The filters were rinsed with PBS, and the cells were permeabilized with 0.1% saponin in PBS for 10 min at 4°C. The filters were excised with scalpels and blocked by incubation with 10% FCS in PBS at 4°C. The primary antibodies were diluted in the blocking solution and incubated with the filters for 1--2 h at 4°C. After three washes with PBS at 4°C, the filters were postfixed with 2% PFA in PBS for 10 min at 4°C and rinsed three times with PBS at 4°C. The filters were incubated in the secondary antibodies for 30--60 min at RT. After three washes with PBS, the samples were mounted in FluoroSave reagent.

For staining of cells embedded in collagen gel, MDCK II cells cultured in collagen gel for 5--7 d were rinsed twice with PBS and incubated with collagenase type VII (100 U/ml; \#C0773; Sigma-Aldrich) for 15 min at RT. After two rinses with PBS, the cells were fixed with 2% PFA in PBS for 30 min at RT. After another two rinses with PBS, the cells were permeabilized with 0.5% Triton X-100 in PBS for 30 min at RT, rinsed twice with PBS, and blocked with 10% FCS in PBS for 1 h at RT. The primary antibodies were diluted in the blocking solution and incubated with the gels overnight at 4°C with gentle rocking. The gels were rinsed with PBS five times and incubated with the secondary antibodies overnight at 4°C with gentle rocking. After five washes with PBS, the samples were mounted on glass-base dishes (\#3970-035; Iwaki) in Vectashield antifade mounting medium (\#H-1000; Vector Laboratories).

Confocal microscopy {#s25}
-------------------

Confocal microscopy was performed using a TCS-SPE laser scanning confocal microscope mounted on a DMI 4000 B inverted microscope using HCX PL Fluotar 40×/NA 0.75, HCX PL APO 63×/NA 1.40, and HCX FL APO 100×/NA 1.40 objectives with diode lasers (488/532/635 nm; all from Leica Microsystems). Image acquisition was performed with LAS AF software (Leica Microsystems). Image processing (z-stacking, orthogonal views, brightness and contrast adjustments, merge channels, and median filters) was performed using Fiji/ImageJ 1.52f software.

Fluorescent intensity was quantified using Fiji/ImageJ 1.52f software. In brief, stacked images were generated for the whole cells or for the apical regions, and after background subtraction, mean intensity was measured. The polarization index was quantified by using the z-section images using Fiji/ImageJ 1.52f software. In brief, after background subtraction, a segmented line (5 pixels wide) was overlaid on the apical plasma membrane, and the total intensity of apical plasma membrane was measured. Subsequently, the total intensity of the image was measured. Basolateral intensity was determined by subtracting the apical intensity from total intensity. The polarization index was determined by calculating the ratio of signals located at the correct plasma membrane domains. Junction linearity was quantified by measuring the length of deviation from a straight line drawn between the vertices of the corresponding cell junction. Graphs were generated using Excel (Microsoft) or R (R Foundation). Statistical tests were performed using Excel or R.

EM {#s26}
--

MDCK II cells were cultured on Transwell filters for 5--7 d and rinsed once with PBS. Fixative (2% glutaraldehyde and 2% PFA in 0.1 M cacodylate buffer, pH 7.4) was gently added to the upper and lower chambers. After fixation at RT for 30--60 min, the samples were transferred to 4°C. The filters were excised with scalpels, washed three times with 0.1 M cacodylate buffer (pH 7.4), and postfixed with 1% OsO~4~ in 0.1 M cacodylate buffer (pH 7.4) for 30 min on ice. After three 10-min washes with water, the filters were stained en bloc with 0.5% uranyl acetate for 30 min at RT. After three washes with water, the filters were dehydrated in a graded ethanol series (65%, 75%, and 85%) for 10 min at each concentration, further dehydrated in 95% and 99.5% ethanol for 15 min at each concentration, and transferred to 100% ethanol for two 15-min incubations. The filters were incubated in propylene oxide for 1 min, transferred to a 1:1 mixture of propylene oxide/Quetol 812 resin (Nisshin EM), and incubated overnight. After three transfers of the filters through Quetol 812, the resin was polymerized at 60°C for \>48 h.

For analysis of TJ membrane kissing points, MDCK II cells were cultured on Transwell filters for 5--7 d. The same volume of fixative (2% glutaraldehyde and 4% PFA in 0.1 M cacodylate buffer, pH 7.4, supplemented with 20 mM CaCl~2~) was directly added to the medium in the upper and lower chambers, and the medium/fixative mixture was immediately removed and replaced with fresh fixative. The fixative was further replaced with fresh fixative again to ensure complete replacement of the medium with the fixative. Fixation was performed for 1 h at RT. After four 3-min washes with 0.1 M cacodylate buffer (pH 7.4) supplemented with 20 mM CaCl~2~, the filters were excised with scalpels and postfixed with 1% OsO~4~ and 1.5% KFeCN in 0.1 M cacodylate buffer (pH 7.4) for 45 min on ice. After three 3-min washes with water, the filters were incubated with 1% tannic acid for 30 min at RT. After four 3-min washes with water, the filters were further fixed with 2% OsO~4~ for 30 min at RT. After four 3-min washes with water, the filters were stained en bloc with 2% uranyl acetate for 20 min at 37°C, washed twice with water, and stained en bloc with Walton's lead aspartate for 30 min at 60°C ([@bib75]). The filters were washed twice with water, dehydrated on ice in a graded ethanol series (30%, 50%, 60%, 70%, 80%, 90%, and 95%) for 5 min at each concentration, and transferred to 100% ethanol for three 10-min incubations. The filters were incubated in propylene oxide for 1 min, transferred to a 1:1 mixture of propylene oxide/Quetol 812 resin, and incubated for 45 min. The filters were further incubated twice in 100% Quetol 812 for 45 min, and the resin was polymerized at 60°C for \>48 h.

Semithin sections (0.5 µm) were cut and stained with toluidine blue to examine the sample preparations. Ultrathin sections (50--80 nm) were cut and mounted on 200-mesh formvar-coated copper grids. The sections were stained with 0.5% aqueous uranyl acetate in the dark for 3 min at RT. After washing with water, the sections were further stained with Sato's lead solution ([@bib59]) for 3 min at RT, washed with water, and allowed to dry.

For freeze-fracture replica EM, MDCK II cells cultured on Transwell filters for 5--7 d were rinsed once with 0.1 M phosphate buffer (pH 7.4) and fixed with 2% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) at 4°C overnight. After three 10-min washes with 0.1 M phosphate buffer (pH 7.4), the samples were cryoprotected with 30% glycerol in 0.1 M phosphate buffer (pH 7.4) for 30 min at RT. After excision of the filters with scalpels, the cells were scraped from the filters with scrapers and mounted on gold stubs. After removing the excess buffer, the samples were snap-frozen in liquid N~2~. The frozen samples were transferred to a freeze-fracture machine (BAF-060; Bal-Tec) and subjected to fracturing at −110°C. Immediately after fracturing, the samples were coated with a thin layer (∼2 nm) of platinum at a 45° angle and a thin layer (∼20 nm) of carbon at a 90° angle. After retrieval from the machine, the samples were coated with collodion and cleaned with domestic bleach. After three 10-min rinses with water, replicas were collected on 200-mesh formvar-coated copper grids.

Samples were observed with a JEM1011 or JEM1010 transmission EM (JEOL) at 100-kV accelerating voltage. Images were captured with a MegaViewG2 or Veleta CCD camera using iTEM software (all from Olympus Soft Imaging Solutions). Cell--cell junctions at the most apical cell contacts were observed.

Image processing (brightness and contrast adjustments) was performed using Fiji/ImageJ 1.52f software, and a pseudocolor image was generated using Illustrator CC2018 (Adobe). TJ strand length was quantified by overlaying segmented lines on the TJ strands and measuring their length using Fiji/ImageJ 1.52f software. When more than three intramembrane particles were aligned at the apical region, they were classified as TJ strands. The strand length was normalized against the apical surface length of the corresponding fractured region. The minimum distance between two plasma membranes was measured using Fiji/ImageJ 1.52f software. Graphs were generated using Excel or R. Statistical tests were performed by using Excel or R.

TER measurement {#s27}
---------------

MDCK II cells were cultured on Transwell polycarbonate filters (0.4-µm pore size; \#3413; Corning) for 5--7 d. After cells were equilibrated to RT, the electric resistance between the apical and basolateral chambers was measured using a Millicell ERS-2 electrical resistance system (Merck Millipore). Blank measurements were performed on Transwell filters without cells. After subtraction of the mean blank values, the electric resistance was multiplied by the growth area of the Transwell filter to yield the unit area resistance (Ω · cm^2^). Graphs were generated using Excel. Statistical tests were performed using Excel.

Paracellular flux measurement {#s28}
-----------------------------

MDCK II cells were cultured on Transwell polycarbonate filters (0.4-µm pore size, 6.5-mm diameter; \#3413; Corning) for 5--7 d. The medium was then changed to phenol red--free DMEM (low glucose; \#08490-05; Nacalai Tesque) supplemented with 10% FCS. The following fluorescent tracers were added to the apical chamber: 200 µM fluorescein (\#16106-82; Nacalai Tesque); 200 µM 4-kD FITC-dextran (\#FD4; Sigma-Aldrich); 50 µM 40-kD FITC-dextran (\#FD40; Sigma-Aldrich); and 50 µM 150-kD FITC-dextran (\#FD150S; Sigma-Aldrich). The volumes of medium in the apical (donor) and basal (acceptor) chambers were 100 and 600 µl, respectively. The cells were incubated for 1 h at 37°C under 5% CO~2~, and the basal chamber medium was recovered and protected from light. The fluorescence intensity in the recovered medium was measured using a Typhoon 9400 scanner (GE Healthcare) or SpectraMax i3 microplate reader (Molecular Devices). Standard curves were obtained by measuring the fluorescence intensities of serial dilution series of the fluorescent tracers, and blank measurements were performed by measuring the fluorescence intensity of wells without fluorescent tracers. After subtraction of the mean blank values, the apparent permeability (Papp) was determined by the following formula: Papp (cm × s) = {(*dQ*/*dt*) × *V~acc~*}/(*A* × *C*), where *dQ* is the amount of tracer transported to the acceptor chamber during time interval *dt*, *V~acc~* is the acceptor volume, *A* is the area, and *C* is the initial tracer concentration. Graphs were generated using Excel. Statistical tests were performed using Excel.

Online supplemental material {#s29}
----------------------------

Fig. S1 shows the genomic sequence and Western blotting of ZO-1/ZO-2 dKO cells. Fig. S2 shows the genomic sequence and Western blotting of claudin quinKO cells. Fig. S3 shows additional images and quantitation of EM images and Western blotting of ZO-1--GFP rescue cells. Fig. S4 shows the data of EpH4 cells, the lack of effects of myosin II inhibition on epithelial polarity phenotypes, and the genomic sequence of afadin KO and E-cadherin KO cells. Fig. S5 shows the genomic sequence and characterization of JAM-A KO and claudin/JAM-A KO cells.
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